Gene transfer vectors based on retroviruses including oncogenic retroviruses and lentiviruses provide effective means for the delivery, integration, and expression of exogenous genes in mammalian cells in vitro and in vivo (48, 65) . In contrast to oncogenic retroviruses which are dependent on mitotic cells (40, 61) , lentiviruses including human immunodeficiency virus type 1 (HIV-1) are independent of cell division to complete their replicative cycle (37) . Therefore, they provide attractive gene delivery vehicles in the context of nondividing cells. Lentivirus vectors including HIV-1-based vectors, HIV-2-based vectors, simian immunodeficiency-based vectors, feline immunodeficiency virus-based vectors, and equine infectious anemia virus-based vectors are being increasingly used for gene delivery in vitro (2, 11, 16, 29, 32, 44, 46, 47, 49, 55, 58, 60, 62, 67, 68) . They are also promising for long-term gene expression in vivo in cells of the central nervous system (4, 5, 34, 46, 47, 69) , hematopoietic system (42) , retina (43) , muscle and liver (30, 51) , lung (23, 28) , pancreatic islets (19) , cochlea (24) , and corneal tissue (66) .
As safe and high-titer lentivirus vectors are being developed, efficient delivery of reporter genes into target cells is becoming customary and the application of these vectors to deliver therapeutic genes is emerging. In a therapeutic setting involving animal disease models, the expression of more than one gene may be needed because the therapeutic protein may consist of multiple subunits. Multigene vectors may also be desirable in anti-HIV gene therapy strategies involving ribozymes, antisense RNA, transdominant proteins, and intracellular antibodies (14) . Moreover, the expression of a reporter gene in addition to the functional transgene from a multigene vector could aid in the experimental assessment of gene transfer efficiency and in the optimization of the gene transfer process.
In common with all replication-competent retroviruses, the HIV-1 genome contains the gag, pol, and env coding regions that encode the core proteins, the virion-associated enzymes, and the envelope (Env) glycoprotein, respectively, flanked by the long terminal repeats (LTRs). HIV-1 also possesses regulatory functions encoded by the tat and rev genes, as well as accessory genes that include vif, vpr, vpu, and nef, many of which are not required for virus replication in vitro (20) . HIV-1 generates a complex pattern of multiply spliced RNAs to encode the Tat and Rev regulatory proteins and the Vpr and Nef accessory proteins. Several transcripts can express each of the regulatory and accessory proteins, and most of these transcripts have the potential to encode two or more proteins with different efficiencies (56) . These results highlight the remarkable transcriptional potential of the HIV-1 genome and underscore the flexibility of HIV-1 in the coexpression of multiple genes.
Utilizing the transcriptional flexibility of HIV-1, we constructed gene transfer vectors that simultaneously express several genes of interest from the viral LTR and from heterologous internal promoters. In one class of vectors, heterologous genes are expressed from the viral 5Ј LTR in a Tat-dependent fashion and from heterologous internal promoters and a second set of vectors uses heterologous promoters exclusively. We also report on the design of vectors that allow modulation of transgene expression in response to doxycycline (DOX).
MATERIALS AND METHODS
Plasmid constructs. The following plasmids were obtained through the AIDS Research and Reference Program, Division of AIDS, National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health, Bethesda, Md.: pHIVgpt from Kathleen Page and Dan Littman (50), pNL4-3 from Malcom Martin (1) , and pNL4-3.HSA.R Ϫ E Ϫ from Nathaniel Landau (25) . All nucleotides are numbered in accordance with Korber et al. (33) . The two-gene HIV-EGFP-HSA⌬E vector is based on the original HIV-EGFP⌬E vector (44) . The sequences between the BamHI (position 8464) and XhoI (position 8886) sites were replaced with the BamHI/XhoI fragment from pNL4-3.HSA.R Ϫ E Ϫ carrying the HSA reporter gene within the nef coding region (25) . The HIV-EGFP-HSA⌬E tat(Ϫ) vector contains two consecutive termination codons after amino acid 10 within the 5Ј tat exon. It is based on the pTat(Ϫ)GV/4GSTm construct (27) that was kindly provided by K.-T. Jeang (NIAID). The HIV-EGFP-HSA⌬E rev(Ϫ) vector encodes a truncated version of Rev. It was created by filling up the unique BamHI site present within rev exon 2 using T4 DNA polymerase, leading to a 4-bp insertion. The HIV-EGFP-HSA⌬E tat(Ϫ) and HIV-EGFP-HSA⌬E rev(Ϫ) vectors were combined to yield HIV-EGFP-HSA⌬E tat(Ϫ)/rev(Ϫ). The three-gene HIV-EGFP-neo-HSA⌬E vector was derived from the original HIVneo⌬E construct (44) . An expression cassette consisting of the human cytomegalovirus (CMV) immediate-early (IE) promoter linked to the EGFP coding region was derived from pEGFP-C1 (Clontech) and inserted between the NsiI (position 1247) and EcoRI (position 5743) sites, and the sequences between the BamHI and XhoI sites were replaced with sequences carrying the HSA coding region as described above. The bicistronic HIV-HSA-IRES-EGFP⌬E vector was constructed as follows. The gag, pol, vif, and vpr sequences between the SpeI (nucleotide 1506) and EcoRI (nucleotide 5742) sites were deleted from the original HIV-HSA construct harboring HSA sequences driven by the CMV IE promoter (58) . A 1.34-kb fragment carrying the encephalomyocarditis virus (ECMV) internal ribosome entry site (IRES) sequence (45) and EGFP gene sequences was derived from pIRES-EGFP (Clontech). The fragment was inserted downstream from the HSA coding region at position 7611. All NL vectors are based on the NL4-3 molecular clone (1) with the sequences between the NsiI (position 1246) and BglII (position 7611) sites deleted. A 168-bp simian virus 40 (SV40) origin of replication fragment and a 133-bp fragment harboring HIV-1 polypurine tract sequences (10) were placed between these two sites (57) . Various expression cassettes were inserted between the BamHI (nucleotide 8464) and XhoI (nucleotide 8886) sites. NL-EGFP carries an expression cassette consisting of the CMV IE promoter linked to the EGFP coding region. NL-HSA carries a similar expression cassette encoding the mouse HSA cDNA. The CEF hybrid promoter was derived from pCE-490 (SnaBI-BamHI fragment) (63) . To construct the NL-HSA-IRES (ECMV)-EGFP and NL-HSA-IRES (ECMV)-EGFP/CEF bicistronic vectors, a fragment carrying the HSA and EGFP genes linked by an ECMV IRES sequence was used as described above. The NL-HSA-IRES (Gtx)-EGFP vector contains an IRES [(Gtx133-141) 10 (SI) 9 ␤; 208-bp SpeI/ NcoI fragment] derived from the 5Ј untranslated region of the mRNA encoding the Gtx homeodomain protein (9) . The tetracycline-regulatable NL-rtTA/TRE-EGFP vector carries a 1,860-bp fragment encoding the rtTA linked to the CMV IE promoter (derived from pRevTet-On; Clontech) and a 1,240-bp fragment carrying the Tet-responsive element (TRE) and EGFP sequences (derived from pBI-EGFP; Clontech). The NL-TRE-EGFP vector contains a 1,240-bp fragment carrying the TRE and EGFP sequences derived from pBI-EGFP, and the NLrtTA vector contains a 1,860-bp fragment encoding the rtTA linked to the CMV IE promoter derived from pRevTet-On.
Cells. Human embryonic kidney 293T cells (15) were kindly provided by Warren Pear (Rockefeller University). Human osteosarcoma (HOS) cells (CRL-1543), HT1080 cells (CCL-121), and primary human skin fibroblasts (HSFs; CRL 2072; passages 8 and 9) were obtained from the American Type Culture Collection. The cells were grown in Dulbecco's modified Eagle's medium (DMEM; Life Technologies Inc.) containing 10% heat-inactivated fetal bovine serum (FBS). The human H9 and A3.01 T-cell lines were obtained from Robert Gallo (38) and Thomas Folks (18) , respectively, through the AIDS Research and Reference Program, Division of AIDS, NIAID, National Institutes of Health. The cells were grown in RPMI 1640 medium supplemented with 2 mM L-glutamine, gentamicin at 50 g/ml, and 10% FBS. Contact-inhibited primary HSFs were cultivated in DMEM-10% FBS for up to 1 month prior to transduction.
Virus production and transduction of cells. Vector particles pseudotyped with the vesicular stomatitis virus G glycoprotein (VSV-G) were produced using a three-plasmid expression system by transient transfection of human 293T cells with a defective packaging construct (44) , a plasmid with the VSV-G coding region driven by the HIV LTR (58) and a HIV-1-based vector construct. Five micrograms of each of the three plasmid DNAs was cotransfected into subconfluent 293T cells using the calcium phosphate precipitation method (54) . Cells were seeded into six-well plates 24 to 30 h prior to transfection. Chloroquine (25 M final concentration) was added to the cells immediately before transfection, and the medium was replaced with 2 ml (per well) of fresh DMEM supplemented with 10% FBS 12 to 14 h later. The virus was harvested 60 to 65 h later, filtered through a Millipore Millex-HA 0.45 filter unit, aliquoted, and frozen at Ϫ80°C. p24 assays were performed using a commercial kit (Cellular Products Inc.). The generation of replication-competent virus was tested by serially passaging transduced H9 cells over a period of 4 weeks followed by measurement of p24 levels (44) . Vector titers were derived from quantitative fluorescence-activated cell sorter (FACS) analysis using HOS cells. To calculate titers, the number of target cells was multiplied by the percentage of EGFP-or HSA-positive cells divided by the volume of the input virus.
FACS analysis of transduced cells. Transductions were typically performed in six-well plates in medium containing 8 g of Polybrene per ml in a total volume of 0.5 ml. At various times, the virus was removed, 2 ml of fresh medium was added, and the cells were incubated at 37°C. G418-resistant cells were selected in medium supplemented with G418 (Life Technologies Inc.) (0.35 to 0.5 mg of active drug per ml). The medium was changed every 3 to 4 days. Cells expressing HSA and EGFP were detached from the plate using trypsin-EDTA (Life Technologies Inc.), collected into DMEM-10% FBS, and subsequently washed with Hanks balanced salt solution (Life Technologies Inc.) containing 2% FBS (Hanks-FBS). The cells were stained with a phycoerythrin (PE)-labeled anti-HSA monoclonal antibody (Pharmingen) for 30 min on ice in Hanks-FBS. The cells were washed with Hanks-FBS, fixed in 2% formaldehyde for 5 min, resuspended in Hanks-FBS, and then subjected to FACS analysis.
Fluorescence microscopy. Cells expressing EGFP were fixed with 4% formaldehyde in Hanks-FBS for 15 min at room temperature. Cells were then washed three times with Hanks-FBS and then analyzed by fluorescence microscopy. Cells coexpressing EGFP and HSA were blocked with 10% goat serum for 20 min at room temperature. PE-labeled anti-HSA monoclonal antibody was added, and the cells were incubated for 20 min at room temperature. Cells were then washed three times with Hanks-FBS and analyzed by fluorescence microscopy.
Southern blot analysis. Genomic DNA from transduced HOS cells was isolated using a QIAamp DNA Mini Kit (Qiagen) and digested with ScaI or AflII. The DNA fragments were separated on a 0.6% agarose gel and then processed for Southern blot analysis using Zeta-Probe GT membranes (Bio-Rad). Blots were probed using a 32 P-labeled EGFP gene fragment.
RESULTS
Design of multigene HIV-1-based vector systems. We previously described two different classes of HIV-1-based gene transfer vectors encoding single reporter genes such as EGFP, HSA, and ShlacZ and the application of such vectors to deliver reporter genes into nondividing cells (44) . These vectors also contained cis-acting sequences required for packaging, reverse transcription, and integration, including the 5Ј and 3Ј LTRs, and Env-derived sequences encompassing the Rev-responsive element (RRE). One class of vectors was defective for all HIV-1 genes but encoded functional Tat and Rev with the transgene placed within the env coding region 5Ј to the RRE. Vectors lacking Tat and Rev with the expression cassette located 3Ј to the RRE were also constructed in accordance with the design of Parolin et al. (52) and Naldini et al. (47) . We have now modified these vectors for the concurrent expression of multiple transgenes. Single-gene vectors, bicistronic vectors, or multigene vectors able to express up to three exogenous genes under the control of two or three different transcriptional units placed within the viral gag-pol coding region and/or the viral nef and env genes were designed (Fig. 1) . The genes encoding EGFP, HSA, a cell surface marker, and bacterial neomycin phosphotransferase (Neo) were used as models whose expression was monitored by FACS, fluorescence microscopy, and G418 selection. The additional components of the gene transfer system include a packaging (helper) plasmid and an envelope (Env) plasmid encoding VSV-G driven by the HIV-1 LTR (44, 58) . Pseudotyped vectors were produced in human embryonic kidney 293T cells using a three-component transient packaging system (44) .
Effects of internal promoters on transgene expression levels. To identify heterologous promoters that work efficiently in the context of HIV-1-based lentivirus vectors, we compared the efficiency of the human CMV IE promoter, which is widely used for transgene expression off such vectors, with that of the CEF hybrid promoter. The CEF hybrid promoter consists of the CMV IE enhancer fused to sequence elements derived from the human translation elongation factor 1␣ promoter (63) . These promoters were tested in the context of a singlegene HIV-1 reporter vector encoding EGFP ( Transgene coexpression following cotransduction of target cells. We next investigated the possibility of coexpressing two separate transgenes following cotransduction of target cells with a mixture of two separate lentivirus reporter vectors encoding EGFP (NL-EGFP) and HSA (NL-HSA), respectively. HOS cells were transduced separately with the NL-EGFP or NL-HSA reporter vector (Fig. 3 , upper right and lower left panels) or using a mixture of the two vectors (Fig. 3 , lower right panel) and subjected to double-color FACS analysis 3 days later following staining of the cells with anti-HSA antibodies. The results presented in Fig. 3 show that a substantial fraction of the cells were doubly positive upon exposure to both vectors, indicating efficient cotransduction. It is also evident from Table  1 that the percentage of doubly positive cells correlated, in an MOI-dependent manner, with the product of the individual transduction efficiencies observed with cells transduced separately with the two different vector stocks.
Multigene vectors involving two separate transcriptional units. With a view toward designing vectors that are useful in anti-HIV gene therapy strategies, HIV-1-based vectors with the potential to coexpress multiple transgenes as separate transcriptional units were designed next. To construct a two-gene vector expressing two separate genes from two independent promoters, the original HIV-EGFP⌬E vector (44) containing the EGFP reporter gene linked to the CMV IE promoter was engineered to express the HSA cell surface marker. To generate the two-gene HIV-EGFP-HSA⌬E vector (Fig. 4A) , the nef coding region was replaced with the mouse HSA cDNA. In this construct, a functional tat coding region was retained, allowing expression of gene sequences placed within the nef coding region from a multiply spliced mRNA through activation of the viral LTR. Coexpression of the EGFP and HSA genes in HOS cells was investigated using quantitative FACS analysis. The FACS data presented in Fig. 4B show that both genes were coexpressed at high levels in transduced HOS cells. More than 61% of the cells were both EGFP and HSA positive (Fig. 4B , middle), while less than 1% of the mock-infected cells were positive for both markers (Fig. 4B, top) . Figure 4B (bottom) shows expression results obtained with the HIV-EGFP-HSA⌬E tat(Ϫ) vector, whose tat coding region had been inactivated by point mutations carrying two consecutive stop codons after amino acid 10, leading to a truncated version of Tat (27) . Sixty-five percent of the cells were EGFP positive, but less than 2% of the cells were doubly positive, indicating that HSA gene expression was fully dependent on Tat activity. The MFI of the EGFP-positive HOS cell population transduced with the Tat-containing vector was 19.7. HOS cells transduced with the vector lacking Tat had an MFI of 6.0. Thus, CMV IE promoter-driven EGFP gene expression was reduced about threefold in the absence of Tat.
The ability of the newly designed two-gene lentivirus vector system to mediate gene transfer into nondividing cells was analyzed by transduction of contact-inhibited HSFs. Primary HSFs were growth arrested by being allowed to reach contact inhibition upon cultivation in medium containing 10% FBS for 23 days. Such HSFs have been shown to be highly enriched for cells in the G 0 and/or G 1 stages of the cell cycle (58, 64) . HSFs previously transduced with the HIV-EGFP-HSA⌬E vector were both EGFP and HSA positive as analyzed by fluorescence microscopy ( Fig. 4C) 28 days after transduction. Cells transduced with the HIV-EGFP-HSA⌬E tat(Ϫ) vector were HSA negative by immunofluorescence assay but produced abundant EGFP fluorescence (Fig. 4C) . This confirms the results of the FACS analysis and also indicates that both genes were coexpressed in resting HSFs for at least 28 days.
The contribution of Rev with regard to expression of the EGFP and HSA reporter genes was tested using the HIV-EGFP-HSA⌬E rev(Ϫ) vector harboring a frameshift mutation within the second rev exon. An identical mutation has previously been shown to generate an inactive Rev protein, leading to a change in the relative proportion of the various viral transcripts (17) . The HIV-EGFP-HSA⌬E rev(Ϫ) vector produced titers on HOS cells similar to the ones observed with vectors encoding wild-type Rev (X. Multigene vectors involving three separate transcriptional units. To investigate the potential to express three independent transcriptional units in the context of a Tat-containing lentivirus vector, a construct coexpressing three different transgenes under the control of three separate promoters was designed (Fig. 6A) . In this vector, the CMV IE promoter and EGFP gene were placed within the viral gag-pol coding region. The env gene was deleted to accommodate the bacterial neo gene driven by the SV40 early promoter, and the HSA gene was placed within the nef coding region. Pseudotyped vectors were prepared and used to transduce HOS cells, as well as contact-inhibited primary HSFs. Transduced HOS cells were split and subjected to G418 selection 3 days after transduction. Parallel cultures of transduced HOS cells lacked G418. The cells were split once more 10 days later, and the fraction of EGFP-and HSA-positive cells was determined by quantitative FACS analysis 6 days after the second split. Transduced HSFs a HOS cells were transduced and subjected to FACS analysis as described in the legend to Fig. 3 . were split 3 days after infection and grown in the presence or absence of G418 for 39 days. Up to 75% of the G418-selected HOS cells and approximately 78% of the G418-selected HSFs expressed EGFP and/or HSA above background levels. Approximately 57% of the selected HOS cells and 42% of the selected HSFs coexpressed EGFP and HSA (Fig. 6B, bottom) . Cells not previously selected with G418 were also analyzed. Sixty-one percent of the infected HOS cells and about onethird of the infected HSFs were EGFP and/or HSA positive; 39.3 and 14.2% of them were doubly positive (Fig. 6B, middle) . This shows that G418 selection markedly enriched the fraction of positive cells. A Southern blot analysis with genomic DNA from transduced HOS cells, cut once in each LTR using ScaII or AflII, resulted in a single band that comigrated with purified vector DNA treated in the same way (X.-Y. Zhang, unpublished data). This indicates that the proviral structures were not rearranged.
Expression from bicistronic vectors. Bicistronic vectors rely on a single promoter driving two or more separate protein coding regions linked by IRES sequences. Cassettes carrying HSA and EGFP genes linked by IRES sequences in one transcriptional unit were designed and introduced into two different HIV-1-based vector backbones. A vector (HIV-HSA-IRES-EGFP⌬E) containing the ECMV IRES with functional tat and rev coding regions and the bicistronic expression cassette placed 5Ј to the RRE was constructed first (Fig. 7A) . The capacity of this vector to coexpress two genes was assessed by FACS analysis by monitoring the expression of the EGFP and HSA reporter genes in transduced HOS cells and in human HT1080 cells. Over 60% of the infected HOS cells were HSA positive, and 15% of them were both EGFP and HSA positive. Close to 80% of the transduced HT1080 cells expressed the upstream HSA gene, and up to 58% were doubly positive (Fig.   7B ). These results show that HIV-HSA-IRES-EGFP⌬E-driven coexpression of the two genes did occur in both cell lines.
Bicistronic vectors lacking Tat and Rev with the expression cassette located 3Ј to the RRE were designed next (Fig. 8A) . The ECMV IRES was used along with the homeobox-derived Gtx IRES to yield NL-HSA-IRES (ECMV)-EGFP and NL-HSA-IRES (Gtx)-EGFP, respectively. Up to 99% of the HOS cells transduced with the NL-HSA-IRES (ECMV)-EGFP vector containing the CMV IE promoter were HSA positive. However, only 7.1% of the cells were doubly positive (Fig. 8B, upper  right) . The NL-HSA-IRES (ECMV)-EGFP/CEF vector construct harboring the CEF promoter in place of the CMV IE promoter produced 52% doubly positive cells (Fig. 8B, lower  left panel) . Thus, the CEF promoter increased the proportion of doubly positive HOS cells. The Gtx IRES in the context of the NL-HSA-IRES (Gtx)-EGFP vector containing the CMV IE promoter produced 74.2% doubly positive cells (Fig. 8B , lower right). Taken together, these results show that the expression of the downstream EGFP cistron in HOS cells was strongly affected by the promoter used and by the IRES sequence. Contact-inhibited primary HSFs were kept in culture for 27 days prior to transduction. Cells were incubated with unconcentrated virus for 7.5 h using an MOI of 1.1. Three days later, the cells were removed from the wells with trypsin-EDTA and diluted into medium with or without G418 (0.3-to 0.4-mg/ml final concentration). HOS cells were diluted at a ratio of 1:2, and HSFs were diluted at a ratio of 1:4. HOS cells were split one more time at a ratio of 1:10 10 days later and processed for FACS analysis after 6 more days. HSFs were processed for FACS analysis 39 days after the first transfer. The cells were stained and processed for FACS analysis as described in the legend to Fig. 4 .
Regulated expression of transgenes.
We next investigated the capacity of a heterologous transactivator to modulate the expression of a transgene in the context of HIV-1-based lentivirus vectors. The gene encoding the Tet-controlled rtTA and a minimal promoter (TRE) driving the EGFP reporter gene were placed into a HIV-1 vector 3Ј to the viral RRE to yield NL-rtTA/TRE-EGFP (Fig. 9A) . A binary Tet-controlled lentivirus vector system was also designed. The rtTA gene and the TRE promoter driving the EGFP reporter gene were placed into two separate HIV-1 vectors 3Ј to the viral RRE to yield NL-rtTA and NL-TRE-EGFP, respectively (Fig. 9A) . Primary HSFs were transduced sequentially with VSV-G-pseudotyped NL-TRE-EGFP, followed by pseudotyped NL-rtTA. Such cells in the presence of DOX were highly fluorescent (Fig. 9B) . Transduced cells in the absence of DOX were also fluorescent, but their relative fluorescence intensities were some two to four times lower than the ones seen in the presence DOX (Fig.  9C, groups 4 and 5) , supporting the notion that EGFP gene expression in the presence of DOX was more efficient. The relative fluorescence intensities of primary HSFs transduced with the NL-rtTA/TRE-EGFP vector were some 25-fold lower than the ones obtained with the binary vector system (Fig. 9C,  groups 3 and 5 ). There was a 1.7-fold difference in the fluorescence intensities of NL-rtTA/TRE-EGFP-transduced cells grown in the presence or absence of DOX (Fig. 9C, groups 2  and 3 ). Additional cells, including the human HT1080, HOS, and 293 Tet-On cell lines and the Chinese hamster ovary CHO-AA8-Luc Tet-Off cell line, were tested to see how general the DOX-dependent regulation of EGFP gene expression would be. Cells were transduced with the various vector constructs in the presence or absence of DOX and subjected to quantitative FACS analysis. The results presented in Table 2 show that the MFI values of transduced cells grown in the presence or absence of DOX varied between 1.5-and 6.5-fold, depending on the vector and cell line investigated. It is also evident from these results that cells transduced with the NL-TRE-EGFP vector alone produced substantial levels of EGFP fluorescence, indicating that there was significant EGFP gene expression from this vector in the absence of rtTA. 293 Tet-On cells transduced with the NL-TRE-EGFP vector alone showed an increased MFI value in the presence of DOX, while the MFI value of CHO-AA8-Luc Tet-Off cells in the presence of DOX was decreased. This was expected, since 293 Tet-On cells produce the rtTA protein, which upregulates EGFP gene expression in the presence of DOX, while CHO-AA8-Luc TetOff cells produce the tTA transactivator, which downregulates EGFP gene expression in the presence of DOX. It is also noteworthy that the MFI levels of cells transduced with the binary vector system in the presence of DOX were lower than the MFI values observed with cells transduced with the NL-EGFP vector containing the constitutive CMV IE promoter.
DISCUSSION
Many of the initial gene transfer studies involving lentivirus vectors were conducted using single reporter genes, such as lacZ or EGFP. However, since these vectors are being used increasingly to deliver therapeutic genes into cells in vitro and in vivo, it would be advantageous to maintain the versatility of reporter gene expression in addition to the coexpression of the gene(s) of interest. This approach will be particularly relevant in in vivo applications where the effects of a therapeutic protein are to be assessed. Transduced cells can be visualized by fluorescence microscopy first following in vivo gene transfer and, once identified, analyzed with regard to the effect(s) of the therapeutic gene. Alternatively, cells transduced in vitro could be enriched by using a FACS. Multigene delivery strategies will also be needed to express complex proteins, and they may be useful in anti-HIV gene therapy strategies involving transdominant proteins, intracellular antibodies, antisense RNA, and ribozymes (14, 22) . Finally, it might be desirable, under certain conditions, to express a transgene in a regulated fashion.
As shown in this report, coexpression of different transgenes was achieved by cotransduction of target cells using two different lentivirus vectors expressing different reporter genes. One attractive feature of this cotransduction approach relates to the fact that constraints due to the packaging limit of the vector that may arise as a consequence of incorporating large multigenic expression cassettes can be bypassed. Coexpression of different transgenes was also achieved using multigene reporter vectors. Multigene vectors harboring two or three independent transcriptional units placed within the viral gag-pol coding region and/or the viral nef and env genes were constructed. Transcription of the different units was mediated by heterologous internal promoters and by the viral LTR. LTRdriven reporter gene expression strongly depended on the presence of a functional tat coding region. Experiments carried out with the HIV-EGFP-HSA⌬E two-gene vector showed that in the absence of functional Tat, expression in HOS cells and primary HSFs of the HSA reporter gene placed within the nef coding region was reduced to background levels. Although LTR-driven transcription in the absence of Tat was generally low, HIV-1-based vectors were found to display significant LTR activity in cell lines expressing heterologous transactiva- tors such as the adenovirus early protein E1A (41, 68) . Thus, these vectors may provide valuable tools with which to investigate mechanisms that lead to the up-regulation (or down-regulation) of LTR-derived transcripts in transduced cells in vitro and in vivo. Moreover, it is conceivable that the U3 region of the vector LTRs can be replaced with heterologous enhancers that make the LTR constitutive and Tat independent (8) . CMV IE promoter-driven EGFP gene expression in HOS cells in the context of a two-gene HIV-1 vector was reduced some two-to threefold in the absence of Tat. Recent studies by Zufferey et al. (68) also revealed weak promoter interference in a promoter-and cell typespecific manner.
It was interesting that the HIV-EGFP-HSA⌬E rev(Ϫ) vector harboring an inactivated Rev coding region was not affected in its capacity to express the EGFP and HSA reporter genes in HOS cells, relative to vectors encoding functional Rev, as judged from the number of doubly positive cells and the MFI of such cells. An HXB2 molecular clone harboring an identical Rev mutation resulted in an altered pattern of HIV-1 transcripts with increased levels of doubly spliced transcripts but decreased levels of singly spliced Env transcripts and of genomic transcripts in transfected monkey COS-1 cells and in infected human T-cell lines and was biologically inactive (17) . At a similar MOI, the HIV-EGFP-HSA⌬E tat(Ϫ)/rev(Ϫ) vector revealed a 14-fold reduction in the number of doubly positive HOS cells, most likely due to reduced expression of the HSA reporter gene. The Tat-dependent two-gene vectors will be especially useful for quick establishment of stable cell lines expressing the HSA reporter gene in an LTR-dependent fashion. Such cell lines will be helpful in the screening of compounds that act on Tat or through other mechanisms affecting LTR-driven gene expression. As EGFP gene expression in such vectors appears to be relatively independent of Tat, EGFP would serve as a reference.
The three-gene vector presented here harbors a third independent transcriptional unit within the gag-pol coding region. Since a large fraction of the G418-resistant primary HSFs and HOS cells were EGFP and HSA positive, we conclude that all three genes were coexpressed. However, a significant portion of the G418-resistant cells were EGFP positive but lacked HSA fluorescence (Fig. 6B, bottom) , supporting the notion that the three transcriptional units are independent. A Southern blot analysis carried out with DNA prepared from transduced HOS cells revealed intact proviral structures. Thus, selective deletion of proviral sequences does not appear to account for the lack of coexpression observed. Uncoupled CMV IE promoter-driven EGFP gene expression and LTRdriven HSA gene expression was also seen in the context of two-gene vectors (Fig. 4B, middle) . This may be due to the fact that HSA is translated from transcripts which are initiated at the viral 5Ј LTR. Such transcripts have been shown to be spliced in a complex way in a cell type-and time-dependent fashion (56) . This may potentially affect HSA production in transduced cells. The transcripts encoding EGFP and Neo are initiated at heterologous internal promoters and expressed independently of the HSA transgene and of each other. Thus, it is perhaps not surprising that the relative distribution of the various classes of RNA may be variable from cell to cell. A similar phenomenon was encountered before with double-gene vectors based on oncogenic retroviruses and with splicing vectors, in particular in that sequences installed upstream affected the formation of the subgenomic RNA from which the downstream gene was expressed (12, 21) . Also, it was found that the inhibition of viral RNA splicing was caused by some inserts but not others (6) .
Bicistronic vectors are different, because both genes are contained within the same transcriptional unit and coexpression at the RNA level is ensured. Using the bicistronic vectors described in this report, it was observed that the relative proportion of doubly positive cells varied in an IRES-, vector-, promoter-, and cell-dependent manner. While vectors containing the ECMV IRES and functional Tat and Rev produced a substantial number of doubly positive cells, the minimal vector containing the ECMV IRES but lacking Tat and Rev revealed a reduced number of EGFP-positive HOS cells. Similar observations were made when the lacZ coding region was used as the downstream gene (J. Reiser, unpublished data). However, use of the efficient CEF promoter in the context of such vectors greatly increased the percentage of doubly positive HOS cells. This may indicate that CEF promoter-driven production of the bicistronic transcript was enhanced, leading to increased production of the corresponding protein products. Interestingly, however, the MFI of the HSA signal was unaltered in cells transduced with bicistronic vectors containing the CEF promoter relative to vectors containing the CMV IE promoter. This suggests that other mechanisms, including RNA splicing or other RNA processing steps, contributed to the increased numbers of doubly positive cells. This view is contradicted, however, by Northern blot experiments which revealed one major transcript hybridizing with EGFP-and HSA-specific DNA probes (Z. Lai, unpublished results). Use of the Gtx IRES in place of the ECMV IRES allowed very efficient expression of the downstream reporter gene in HOS cells even from vectors containing the CMV IE promoter. Therefore, the Gtx IRES appears to be superior to the ECMV IRES as far as the above lentivirus vectors and HOS cells are concerned. Richardson et al. (59) and Marcello and Giaretta (39) have described Tat-and Rev-dependent bicistronic HIV-1-based vectors containing the ECMV IRES similar to the ones described here. These vectors expressed puromycin resistance or c Cells were incubated with the virus for a total of 25.5 h in the presence of DOX. Incubations with NL-TRE-EGFP and NL-rtTA were done sequentially (8.5 h with NL-TRE-EGFP and 17 h with NL-rtTA). Equal volumes of the various virus supernatants were used. Cells were subjected to FACS analysis 72 h later.
d ND, not determined. e Cells were incubated with the virus for a total of 22 h in the presence of DOX. Incubations with TRE-EGFP and NL-rtTA were done sequentially (6 h with NL-TRE-EGFP and 16 h with NL-rtTA). Cells were subjected to FACS analysis 74 h later. thymidine kinase, respectively. Both downstream genes were expressed at sufficiently high levels to exert a biological effect (i.e., puromycin resistance, sensitivity to ganciclovir and aciclovir).
Recent studies have provided evidence that HIV-1-based vectors are copackaged and subsequently mobilized to untransduced cells by resident HIV-1 genomes present in HIV-1-infected cells (3, 7, 13) . This opens up the possibility of transferring HIV-1 vectors harboring anti-HIV therapeutic genes into HIV-infected target cells (14) . An et al. (3) have shown that Tat-inducible vectors with the tat and rev genes ablated were very efficient in this respect. The Tat-dependent HIV-EGFP-HSA⌬E tat(Ϫ) and HIV-EGFP-HSA⌬E tat(Ϫ)/rev(Ϫ) vectors described above are analogous to the vectors described by An et al. (3) , except that they carry an extra reporter gene that is expressed in a Tat-independent fashion. This may facilitate the analysis of vector mobilization by wild-type HIV-1 in vitro and in vivo and thus adds flexibility to the system.
There is a need for lentivirus vectors that can be regulated by cell-external signals. The results presented in this report show that the Tet-controlled rtTA is capable of regulating the expression of an EGFP reporter gene from a Tet-responsive promoter in the context of HIV-1 vectors in primary HSFs and in human and hamster cell lines. However, there was substantial EGFP transgene expression in the absence of DOX and even in the absence of the rtTA. This is most likely due to the fact that there is substantial promoter activity off the viral LTR in such vectors. This was observed with NL-EGFP vectors lacking an internal promoter altogether (J. Reiser, unpublished data). As shown in this report, the rtTA can either be part of the same vector construct or it can be cotransduced into the same target cell via a separate vector carrying rtTA sequences as part of a binary vector system. The binary vector system was found to be more potent in terms of EGFP gene expression, indicating that there may be interferences between the various expression cassettes present in the NL-rtTA/TRE-EGFP vector, leading to reduced EGFP gene expression. While this report was being revised for publication, Kafri et al. (31) described a HIV-1-based lentivirus vector containing the entire Tet-regulated system, including the tTA transactivator. This vector is similar to the NL-rtTA/TRE-EGFP vector described above. Although substantial GFP expression was observed under repressed conditions in the presence of DOX, a more-than-500-fold increase in GFP levels was seen 2 weeks later, following DOX withdrawal. In agreement with our results, the magnitude of the increase was much less pronounced 3 to 5 days after DOX withdrawal. Thus, longer induction times favorably affected the ratio of induced GFP expression to basal GFP expression. Retrovirus vectors based on Moloney murine leukemia virus allowing reversible induction of transgene expression in response to Tet were developed in the past (26, 53) . These vectors contained both components of the Tet system. More recently, Kringstein et al. (35) have described a binary tetracycline-inducible retrovirus vector system. A selfinactivating retrovirus backbone was used for the reporter virus to eliminate transcriptional interference from the viral LTR. Tetracycline-sensitive transactivators were provided from a second retrovirus after sequential transduction of cells harboring reporter virus constructs. Improved vector design strategies will be needed in the future in order to generate Tet-controlled lentivirus vectors with much-reduced basal activity.
